The aqueous solubility of nonionic surfactants and polymers may become susceptible to temperature variation. Depending on their concentration and environment, they may exhibit clouding (or turbid point) after a threshold temperature causing a phase separation by way of dehydration of the polar groups in the molecules followed by self-association (1, 2). Such a transition, called the cloud point (CP) is fairly sharp and rapid and can be normally monitored visually against an illuminated background. The point of clouding or CP has importance in the understanding of the thermodynamics of the stability/instability of the involved nonionic surfactants or the polymers (3-5). It has a role in many chemical processes where the clouding compounds are used alone or in a mixture for the purpose of effective solubilization, reaction, separation and product formation (6-8). The clouding behavior of individual nonionic surfactants viz, Triton X 100, Brij 56, Igepal, block copolymers, methyl cellulose, alkyl (linear, branched and cyclic) and alkyl phenyl ethoxylates, etc in water has been investigated extensively, while only limited studies in binary mixtures of surfactants and Abstract: Nonionic surfactants and water-soluble polymers undergo phase transition and clouding at elevated temperature. The process can be influenced by the presence of additives. In this work, we have studied the clouding of the surfactants, TritonX 100 and Brij 56 as well as the polymers, polyvinylmethylether and a triblock co-polymer, Pluronic 85 in the presence of a number of hydrotropes, glycols and polyethylene oxides. The clouding temperatures with the additive concentration have been determined and the energetics of the process has been estimated. It has been found that the enthalpic behavior of TritonX 100 was different from that of polyvinylmethylether and Pluronic 85. The enthalpy and entropy have nicely compensated each other. The clouding of Brij 56 and TX 100 have a direct dependence on the number of ethylene groups in the glycols and the molar mass of the polyethylene oxides. The hydrotropes, on the whole, have decreased the cloud point of TX 100, polyvinylmethylether and Pluronic 85. Sodium cholate and sodium salicylate have increased the cloud point. But a correlation of the cloud points with the chemical nature of the hydrotropes is difficult to ascertain.
polymers have been reported to this date (3) (4) (5) (9) (10) (11) (12) (13) (14) (15) . The results have been attempted to analyze in the light of molecular composition, polarity, interaction with water and self-association. Theoretical prediction of the CP based on surfactant structure has been attempted as well (16) (17) (18) .
In a chemical process or under physico-chemical conditions, presence of different components in the system becomes inevitable. It is quite possible that these components could affect the CP of the clouding species. Similar effects could be produced by additives (4, 5, (9) (10) (11) (12) . The influence of hydrotropes (sodium salicylate, urea, proline, pyrogallol and resorcinol) on the CP of TritonX 100 and methyl cellulose has been recently reported (3, 13) . The influence of saponins on the clouding behavior of TX 100 and Igepal has been also studied (5) . Both enhancement and reduction in CP have been observed. The energetics of the process has been evaluated in detail. In the present investigation, we have explored the clouding behavior of TX 100, Brij 56 (Bj 56), polyvinylmethyl ether (PVME) and a triblock co-polymer, Pluronic 85 (P 85) in the presence of the following hydrotropes, 4-methoxy phenol (4MP), resorcinol (Rs), 5-methoxy resorcinol (5MR), guaiacol (Gc), catechol (Cc), hydroquinone (Hq), pyrogallol (Pg), sodium cholate (NaC) and sodium salicylate (NaS) as additives. The effects of ethylene glycol (EG), diethylene glycol (DEG), triethylene glycol (TEG) and tetraethylene glycol (TTEG), and polyethylene oxides (PEO 400, 1000, 1500, 2000, 3400, 4600, 8000 and 10000) on the clouding behavior of TX 100 and Bj 56 have been also investigated. A comprehensive rationalization of the clouding behavior of the surfactants and the polymers in presence of the additives has been attempted.
Experimental 1 Materials
The clouding agent TX 100 was obtained from Sigma, USA. P 85 and PVME were obtained from Aldrich, USA. They were used as received.
The additives Cc and Rs were AR quality materials and were obtained from Merck (Germany). Hq, Pg, NaC and NaS were also of AR grade and were obtained from SRL (India), SD Fine Chemicals (India), BDH (England) and Sigma (USA) respectively. AR grade 4MP, 5MR and Gc were obtained from Aldrich (USA).
The glycols (EG, DEG, TEG and TTEG) and the polyethylene oxides (PEO 400, 1000, 1500, 2000, 3400, 4600, 8000 and 10000) were obtained from Aldrich (USA). They were used as received.
Doubly distilled water of specific conductance 2-4 mS cm -1 was used for solution preparation. The molecular structure of the clouding species and the additives are presented in Fig. 1 .
Methods
The CP measurements were taken as described earlier (5). The measuring solution was taken in a stoppered test tube and was securely placed in a heating mantle with an arrangement of constant stirring and controlled increment of heat. At the point of turbidity or clouding, the temperature was noted and heating was discontinued. The system then underwent self-cooling, and the temperature of disappearance of turbidity was noted. The average of the two readings was taken as the CP. The measured CP was accurate within 1%.
Results and Discussion
The concentration dependent CP of the aqueous solutions of pure materials TX 100, Bj 56, PVME, P 85, Igepal and MC (methyl cellulose) are presented in Table 1 . The data on Bj 56, Igepal and MC were taken from our earlier published work (4, 5, 14) , and are shown for a comprehensive comparison. The CP of Igepal and Bj 56 has shown a mild change with increasing concentration. Such a dependence for PVME and MC was relatively large. The CP of P 85 and TX 100 virtually remained independent of concentration. Normally, with increasing concentration, the waterdetached or desolvated cloud forming molecules associate relatively easily causing enhancement of the process and hence lowering of CP. This rationale has been found to be valid for Igepal, Bj 56, PVME and MC. The desolvation and association of the molecules of PVME and MC became appreciable producing fair change in CP. Since Igepal and TX 100 possess nearly equal number of PEO groups (10 in Igepal and 9.5 in TX 100), the decline in CP for the former and concentration independent CP for the latter cannot be accounted for only in terms of desolvation-cum-association model. There are other factors involved in the clouding process for P 85 having polar oxygen centers in the molecule has exhibited concentration independent CP. The enthalpy of 524 clouding process determined from a thermodynamic model (subsequently described and presented in Table  1 ) has been found to be zero for TX 100 and P 85, and exothermic for PVME, Bj 56, Igepal and MC.
1 CP in Hydrotrope (HT) Environment
The HT influenced CP profiles for TX 100 (4.1mM) are exemplified in Fig. 2A and B. NaS has increased the CP; Pg and Hq have evidenced a mild declining effect whereas the other additives Rs, Gc, 4MP and 5MR have produced significant lowering of CP of TX 100. For PVME (0.0192mM), illustrated in Fig. 3 (A,   B) , again NaS has increased the CP whereas Cc, Rs, Hq, Pg, Gc, 4MP and 5MR have decreased it. The bile salt NaC has sharply reduced the CP followed by its increase from a concentration 10mM. In Fig. 4 A and B, the HT effects on the CP of the block co-polymer P 85 are presented. Both NaC and NaS have evidenced increase in CP whereas the other additives Pg, Cc, Hq, Gc, 4MP and 5MR have produced a declining effect. Increase in CP of TX 100 and Bj 35 in presence of a second nonionic surfactant Tween 80 and Tween 20 respectively has been recently reported (14) . The increasing effect on the CP of TX 100 and MC by NaS has been also reported (3) . A similar effect on the CP of P 85 has been herein witnessed for NaC. The decreasing effect of the HTs on the CP of all the clouding compounds herein considered has been fairly sharp.
2 CP in Glycol and Polyethylene Oxide Environment
The CP of TX 100 (25mM) and Bj 56 (14.7mM) in glycol and polyethylene oxide environments are exemplified in Fig. 5 and 6 respectively. The different ethylene glycols have increased the CP of TX 100 in the order of TTEG TEG DEG EG (Fig. 5A) .
While PEO 400 and 1000 have increased the CP of TX 100, the other PEOs have decreased it in the order PEO 2000 PEO 3400 PEO 4600 PEO 8000 PEO 10000 (Fig. 5B) . By way of their molecular association with TX 100, the glycols prevented self-aggregation of the desolvated surfactant; increasing ethylene chain in the molecule caused increased prevention of such aggregation. Similar effect has been produced by PEO 400 and 1000; higher polymeric materials have acted oppositely by way competing with TX 100 for solvation by water molecules of the large number of oxygen centers in the PEO's. Like TX 100, the CP of Bj 56 has been also increased by the glycols in the sequence TTEG TEG DEG EG (Fig. 6A) . Also PEO 400 and 1000 have increased the CP of Bj 56 whereas the other PEOs have reduced the CP following the order PEO 1500 PEO 2000 PEO 3400 (Fig. 6B) . The effect of other polymeric forms i.e., PEO 4600, 8000 and 10,000 on the CP of Bj 56 was not studied. The reason for the observed behavior was the same as has been proposed for TX 100. The CP altering behavior of the glycols and polyethylene oxides has been found to be linearly related with their concentration. A unique 
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mechanism for the effect has been envisaged.
Thermodynamics of Clouding in HT Environment
The CP values of TX 100, PVME and P 85 corresponded to the point of phase separation i.e., the point of maximum stability of the species at the temperature of clouding. The associated standard Gibbs free energy of phase separation at the point of CP (DG c 0 ) can be obtained from the relation, DG c 0 RT ln X c (1) where X c is the mole fraction concentration of the species in solution, and R and T have their usual significance.
Here, the standard state is the hypothetical state of ideal solution of unit mole fraction.
In Fig. 7 A, B and C, the CP of PVME, TX 100, and P 85 at different concentrations in presence of the additives Pg, Cc and NaS respectively are presented. These are representative illustrations of the CP -HT profiles obtained in the study. It has been found that although the CP values at different concentrations of TX 100 and P 85 were very close ( Table 1) , they were appreciably different in presence of additives. Virtually, concentration independent CP of TX 100 in the absence of additives became significant in their presence; the exothermicity of the process increased with increasing [additive]. The athermal behavior of P 85 with no additive became significantly endothermic in presence of additives. At a fixed concentration of a HT, the perpendicular line on the X-axis cuts the CP profiles (shown in 
The above rationale has been applied on the clouding behavior of surfactants and polymers for the evaluation of the thermodynamics of the process. Illustrations of DG c 0 /T vs CP -1 plots on typical combinations TX 100 -pyrogallol, PVME -resorcinol and P 85 -catechol are depicted in Fig. 8 A, B and C respectively. The derived thermodynamic parameters are presented in Table 2 -4 respectively.
The DH c 0 values for TX 100 have been found to be negative whereas those for PVME and P 85 were positive under all conditions of the presence of the additives. Between PVME and P 85, the latter has produced DH c 0 of appreciable higher magnitude. An illustration of the dependence of DH c 0 on [additive] for PVME, TX 100 and P 85 has been presented in Fig. 9 . The specificities of the additives towards DH c 0 are evidenced from the illustration. In the clouding process, dehydration of the polyoxyethylene (POE) centers initially takes place with absorption of heat followed by association of the dehydrated molecules involving release of heat. The resultant heat is reflected on the measured DH c 0 . For surfactants, the dehydration process contributes less than the association process to produce negative DH c 0 ; for the polymers, the association process could not override the desolvation process to yield negative DH c 0 . The extent of desolvation in the present study has been found to be much greater for P 85 than PVME.
It may be mentioned that other associated processes like orientation, change in configuration, interfacial adsorption, etc also can contribute to the observed DH c 0 values. This aspect is needed to be carefully assessed for deciphering the true contributions of the desolvation and association phenomena. This could be an important line of study in the area of clouding of surfactants and polymers. At an appreciable concentration of the additive (say 20mM), the DH c 0 values have followed the order Rs NaS 5MR Gc Pg Hq 4MP for TX100; NaS Hq ≈ 5MR R s Ca Gc 4MP NaC for PVME; and Gc Hq NaC Ca 5MR Pg NaS for P85. The orders have not 
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shown a tendency of agreement among them, which was not expected as the clouding agents studied were compounds of different classes. Separate studies with surfactants having the same nonpolar tail and varied PEO containing head groups as well as having the same head group with varying nonpolar tail in the presence and absence of additives are required to understand the involved physicochemical processes guiding the overall thermodynamics of clouding.
Within the range of the measured CPs, the values of DG c 0 and DS c 0 were calculated. The DG c 0 values varied in a narrow range. Like DH c 0 , the DS c 0 values were found to be large and positive for PVME and P 85, and negative for TX 100 (not presented to save space). The pensation temperatures (T c ) realized from the slopes are presented in Table 5 . On a general basis, the T c may stand for the temperature required to convert entropy into the energy equivalent to the non-free part of the enthalpy. The free (useful) part of the enthalpy of the clouding process was relatively small and varied within a small range. The large, non-free component of the enthalpy eventually transformed into appreciable entropy.
In terms of the thermodynamics of micelle formation, Sugihara et al. (19, 20) have proposed that the compensation temperature does not have a physical significance; it is the result of interplay of involved experimental errors in the limited temperature range of study. It may be considered as the average of experimental temperatures, T 1 , T 2 , T 3 ....... T h expressed as (4) In Table 5 , the average temperatures obtained by the relation 4 are presented in the parentheses of columns 2-4. Except for a few instances the T c ave values on the whole have shown fair agreement with T c . The concept of compensation temperature provided by Sugihara et al. (19, 20) for the micellization of surfactants has been considered to be general and hence applicable to the clouding process herein studied.
4 A General Comprehension
The clouding of TX 100, Bj 56, PVME and P 85 has shown distinct features in presence of additives (hydrotropes, glycols and polyethylene oxides). The CP of P 85 and TX 100 remained independent of their concentration ( Table 1) . Desolvation and molecular association normally augment the process of clouding. Increasing concentration should favor increasing molecular association. In HT environment, the CP of TX 100 increased with increasing concentration whereas that of PVME and P 85 decreased. TX 100 was distinct in its behavior. It is conjectured that during desolvation by the action of temperature, the molecules of TX 100 entered into a state of association/organization to make favorable contact of its polar oxygen centers with water to restrict phase transition. At a higher [TX 100] of 100 mM, CP decreased by way of rapid and random interaction among the partially desolvated molecules. The 
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validity of this conjecture needs experimental support. The CP can be reasonably influenced by the presence of other materials. Water structure forming entities normally decrease CP whereas water structure breaking species increase it (21) . Several isomers of dihydroxy benzoic acid (representative of hydrotropes) have positive viscosity B-coefficient and are structure promoters (22) . The HTs herein used has been considered to reduce CP by their water structure forming property. The increase in CP by both NaS and NaC may mean that they acted as water structure breaker. Experimental evidence in favor of it or otherwise is not known to us. The above generalization may be a simplified approach of the fact. The fair extent of variation of CP of the clouding agents in presence of additives produced large DH c 0 values evidenced in Table 2 . For TX 100, the endothermic desolvation or mobilization of water from the vicinity of the molecules and or the micelles took a lower share compared to the exothermic association process leading to phase transition. The magnitudes of the two processes were reverse for PVME and P 85 making the DH c . Hq appreciably stabilized the TX 100 molecules in solution. In the case of PVME (Table 3) , 4MP produced lowest endothermic enthalpy change than the others (which were on the whole comparative). It offered maximum instability to the polymer in the aqueous medium. For P 85, 4MP offered least stability and 5MR produced the most ( Table 4) . The others were intermediate and more or less comparative.
The magnitudes of the resultant enthalpy changes caused by the above mentioned dehydration and association processes were not expected to be large. But involvement of a great number of hydrogen bonds during the clouding process might have contributed to the high values of the enthalpy change.
In recent literature, high exothermic DH c 0 values have been reported for the MC-Rs combination (3). For Bj 56 in presence of polyvinylalcohol and MC, the negative DH c 0 found were moderately large (4, 14) . For TX 100 and Igepal, in presence of Saponin (acaciaside), the negative DH c 0 values were also fairly large at lower concentration of the additive (5). With increasing Saponin concentration, the exothermic magnitudes declined sharply for TX 100 and moderately for Igepal. The tendency of stabilization of the clouding agents at higher [Saponin] was thus envisaged. Saponin induced high and low DH c 0 has been also reported for TX 100 and MC respectively (13) . The present and recent results have established that the process of clouding normally ends up with large change of heat. In several instances, the heat change may be reasonably small. The large observed DH c 0 relative to DG c 0 , therefore, ended up in good compensation with DS c 0 (Fig. 10, Table 5 ).
Conclusions
1. The cloud points of TX 100 and P 85 are independent on their aqueous concentration whereas that of PVME decreases with concentration. 2. The hydrotropes NaS and NaC increase the CP of TX 100, PVME and P 85 whereas the others (4MP, 5MR, Gc, Cc, Hq, Pg) decrease it. 3. The clouding of TX 100 in presence of the hydrotropes is exothermic and that of PVME and P 85 is 
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enhanced by the glycols following the order TTEG TEG DEG EG. Although both PEO 400 and PEO 1000 increase the CP of TX100 and Brij 56, higher PEOs decrease it following the sequence PEO 1500 PEO 2000 PEO 3400.
